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ABSTRACT 
During the early developmental process of organisms, the formation of the left-right laterality 
requires a subtle mechanism, as it is associated with other principal body axes. Any inherent 
chiral feature in an egg cell can in principal trigger this spontaneous breaking of chiral symmetry. 
Individual microtubules, major cytoskeletal filaments, are known as chiral objects. However, to 
date there lacks convincing evidence of a hierarchical connection of the molecular nature of 
microtubules to large-scale chirality, particularly at the length scale of an entire cell. Here we 
assemble an in-vitro active layer, consisting of microtubules and kinesin motor proteins, on a 
glass surface. Upon inclusion of methyl cellulose, the layered system exhibits a long-range active 
nematic phase, characterized by the global alignment of gliding MTs. This nematic order spans 
over the entire system size in the millimeter range and, remarkably, allows hidden collective 
chirality to emerge as counterclockwise global rotation of the active MT layer. The analysis 
based on our theoretical model suggests that the emerging global nematic order results from the 
local alignment of MTs, stabilized by methyl cellulose. It also suggests that the global rotation 
arises from the MTs’ intrinsic curvature, leading to preferential handedness. Given its flexibility, 
this layered in-vitro cytoskeletal system enables the study of membranous protein behavior 
responsible for important cellular developmental processes. 
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Before fertilization, a spherical egg undergoes symmetry breaking processes, such as polarity 
formation and sperm entry, by interacting with the external environment. These pre-
developmental processes initiate inhomogeneity in the arrangement of internal materials of the 
egg, as it enters the developmental process. During this early development, this internal 
inhomogeneity is responsible for outlining the overall body plan.1 In the formation of body axes, 
the left-right laterality is particularly delicate, as it relates to the pre-determined anterior-
posterior and dorsal-ventral axes.2 Intrinsically chiral cellular objects can determine this matter,2-
4 especially when they are associated with a reference membrane.3 The acto-myosin system has 
been related to chiral behavior at the whole cell-level.5-7 Similar to actin, microtubules (MTs) are 
cytoskeletal chiral proteins,8-14 responsible for intracellular dynamics.1 While their involvement 
in the chiral torsion of the Xenopus egg is still obscure,5 recent genetic studies suggest an 
intrinsic role of MTs in the left-right laterality determination,15 which may be quite universal in-
vivo.16-17 However, no direct evidence has yet been found for large-scale chirality emerging from 
a system of MTs, driven by kinesin motor proteins. Here we present in-vitro fluorescence 
microscopy studies of an active layer of MTs and kinesin motor proteins displaying the 
intriguing emergence of chirality over the entire observed area in the millimeter range. 
Furthermore, we show that computational models point to spontaneous curvature and local 
alignment as the reason for the emerging global chirality. This study elucidates the role of MTs 
in cellular processes accompanied by macroscopic chirality and supports the emergence of the 
left-right laterality. Compared to acto-myosin-based mechanisms, the MT-kinesin chirality 
emerges from the directional motility and the molecular handedness only and therefore may be 
more fundamental, as it does not require special configurations of multiple proteins.6 Such 
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simplicity facilitates quantitative studies, as well as modeling of the protein-originated chiral 
development. 
RESULTS AND DISCUSSION 
Quasi-two-dimensional active layers, consisting of MTs and quantum dot-assisted cross-linked 
kinesin motors (CLKMs), were formed on opposing surfaces of a glass-based flow cell upon 
sequential introduction of these proteins (details in Materials and Methods). Figure 1a shows the 
schematic setup, including the definition of normal and clockwise, on both surfaces. The protein 
density of the active layer was enhanced by repeated protein injections (Fig. 1b). At the lowest 
density, we find well-isolated, loosely coupled MTs and typical kinesin activity (Fig. 1b top row). 
Increasing protein density produces a bundled, mesh-like MT network which then evolves with 
time in a complex manner (Fig. 1b middle and bottom rows). We altered the MT network 
morphology with methyl cellulose (MC), which allows observation of the kinesin-driven 
collective behavior of MTs.18 With increased MC concentration, MTs display wavy bundles 
aligned along a predominant orientation, as observed previously.18 This MT alignment persists 
while the MTs maintain kinesin-driven sliding-like movements, thus generating ‘active’ aligned 
bundles (Fig. 2a and Supplementary Movies 1 and 2), qualitatively identical on the top and 
bottom surfaces. The active MTs are aligned even at an area of 400 × 400 μm2 (Fig. 2b). We 
quantify the degree of alignment by diluting ‘visible’ MTs, using a mixture of fluorescently 
labeled and unlabeled MTs (Materials and Methods, Fig. 2c and Supplementary Movies 3 and 4). 
We then estimate the coherency (degree of alignment) of the MT orientation over a square-
shaped region of interest (ROI),19 using OrientationJ20 (ImageJ plug-in, https://imagej.nih.gov/ij/, 
Materials and Methods). Figure 2c shows the coherency becoming less sensitive with increasing 
area of the ROI and increasing with MC concentration (additional discussion in Materials and 
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Methods), clearly indicating, that the MTs’ long-range alignment is stabilized by MC. 
Surprisingly, this ‘active’ nematic order extends across the entire cell chamber and is only 
locally disturbed by defects, such as air bubbles (Figure 2d). The long-range order appears 
independent of the system size tested (channel width: 1.0 mm ~ 1.8 mm). 
The surprising core observation of this work is apparent in the raw data of Figure 2: the global 
orientation of the active layer rotates with time. Figure 3a shows normalized histograms of local 
orientations of MTs evolving with time, for four different MC concentrations (Materials and 
Methods). Initially, the peaks are closely aligned with the flow channel axis, due to the 
sequential injection of proteins. In the absence of MC, this initial alignment disperses too fast for 
further quantification (Fig. 3a, far left panel). This dispersion slows down in the presence of MC, 
allowing the observation of the global rotation with time (Fig. 3a, remaining panels). The 
variance (Fig. 3d) is decreasing and maintained longer with increasing MC concentration, 
implying that MC helps the active layer sustain directional order. The global rotation of the 
active MT layer does not involve any rotation center but is characterized as a self-generated 
‘shear-like’ deformation in a nematic phase. Gliding MTs globally rotate the layer by 
synchronically rotating locally in the entire device, as long as the MTs are aligned, regardless of 
their individual polar-orientation (i.e. gliding direction). The most remarkable finding is the 
universally counterclockwise rotation direction with respect to the surface normal (Fig. 2b). Note 
that the mean orientation development in Figure 3 also indicates aligned objects globally rotating 
‘counterclockwise’. Consistent with that, all MT layers formed on a ‘top’ glass surface show 
‘clockwise’ rotation in the CCD images (Fig. 2a bottom panels and, e.g., Supplementary Movies 
2), the ‘inverse’ of the actual rotation direction (Fig. 1a). Moreover, we observe the chiral 
rotation of gliding MTs even around the bubble defects. This unidirectional lamellar rotation is 
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direct evidence of large-scale broken symmetry, revealed by the quasi-two-dimensional self-
driven many-body dynamics of chiral proteins, entering into a specific structural phase of aligned 
wavy bundles. The MC dependent rotation of the mean orientation (Fig. 3b) is reproduced in 
Figure 3c by numerical simulations described in the next section.   
In order to clarify the mechanism of the emergence of global chirality, we have developed a 
theoretical model and performed numerical simulations, outlined in the Materials and Methods. 
The model consists of motile filaments, each of which has bending rigidity and spontaneous 
curvature which gives rise to rotation of isolated filaments with a preferential direction. The 
collective behavior of the filaments appears from the interplay between these properties of single 
filaments and their interactions. We consider two generic types of interactions, which principally 
align two filaments during a collision: steric excluded volume interactions and alignment 
interactions (Supplementary Fig. 1). The alignment interaction literally aligns the polarity of two 
nearby monomers (Eq.(10) in Materials and Methods). The steric interaction also results in 
alignment due to Onsager’s mechanism21 (Supplementary Fig. 1) and has been considered as a 
major source of alignment for active filaments. Hereafter, we shall discuss that this does actually 
not occur in the present system. While the steric interaction results in inhomogeneous density 
bands, even in the nematic state (Fig. 4(a)), the alignment interaction shows uniform global polar 
order (Fig. 4(b)), as seen in our experiments. This suggests that the interactions between 
microtubules in our experiments are dominated by alignment interactions and not by steric 
interactions. In fact, we have observed in the experiments that two filaments cross each other 
over a broad range of incident angles (Supplementary Fig. 2). The inhomogeneous density is 
understood by motility-induced phase separation which occurs due to the coupling of active self-
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propulsion and the excluded volume effect.22, 23 The alignment interaction without the excluded 
volume interaction does not exhibit phase separation and density inhomogeneity. 
We have observed global nematic rotation only for the alignment interactions (Fig. 4(c, d), 
Supplementary Fig. 10, and Supplementary Movies 5 and 6), when allowing for nonzero 
spontaneous curvature. The decrease of the mean angular velocity from 3.9×10-2  /u a  (see 
Materials and Methods) to 0.1×10-3 for 10 10   is significant for the steric interaction, where 
it almost vanishes in the ordered state. This is in contrast to the alignment interaction, for which 
the mean angular velocity has a finite value 2.0×10-3  /u a  even in the ordered phase, because 
the rotation of a single filament is incompatible with steric interactions. In order to be aligned by 
steric interactions, the colliding filaments need to be straight. This inhibits global nematic 
rotation for the steric interactions. The alignment interaction, on the other hand, occurs at a local 
scale of monomers, and therefore, survives under nematic order, although suppressed. This is in 
contrast with vortex formation, that has been discussed in chiral filaments with larger 
spontaneous curvature24 and memory effects25. Both the nematic order and global angular 
velocity are dependent on intrinsic properties of active filaments, such as bending rigidity and 
spontaneous curvature. The global nematic rotation is enhanced at larger bending rigidity 
(Supplementary Fig. 3(a)). Spontaneous curvature is necessary to obtain global rotation. 
Nevertheless, too large a spontaneous curvature eliminates the global nematic order 
(Supplementary Fig. 3(b)). 
Does the large scale chirality arise intrinsically from gliding MTs or from an extrinsic factor 
like the added constituent MC? Analyzing the motion of individual MTs on a CLKM-coated 
surface (Materials and Methods), we find the mean gliding speed (~ 0.5 µm) of MTs to be 
independent of the MC concentration (Fig. 4e), while the mean angular velocity systematically 
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decreases from about 0.3 degree/sec to below 0.05 degree/sec with increasing MC concentration 
(Fig. 4f). Importantly, the mean rotational direction is counterclockwise, consistent with our 
prior finding. This symmetry-broken angular velocity increases with decreasing MC 
concentration, is even present in the absence of MC, and is therefore caused by an intrinsic 
property of gliding MTs. This biased gliding of MTs then results in the chiral rotation upon 
emergence of global alignment, implying the necessity of intrinsic curvature for global rotation. 
Varying the tubulin polymerization condition alters the number of protofilaments, which in turn 
changes handedness of the MT ‘supertwist’.8 If the origin of the biased angular velocity was 
related to the superstructure’s handedness, then the large scale rotation would switch from 
counterclockwise to clockwise, upon a switch of the superstructures’ handedness. However, none 
of the tubulin polymerization conditions we used exhibited such switching. Moreover, an 
analysis of the gliding motion of individual MTs polymerized in these atypical conditions also 
indicates preferentially counterclockwise mean angular velocities (Materials and Methods). 
These results point to the biased rotation arising from structural characteristics of MTs at an even 
more fundamental level, i.e. the MTs’ left-handed lattice. The global tilt of protofilaments with 
respect to the MT axis preserves this left-handed nature of MTs, even if a lattice mismatch 
occurs along a ‘seam’ due to any change of the number of protofilaments.26 Thus, the basal 
handedness of MTs can produce an asymmetric twisting rigidity.27 Additionally, we evaluated 
two correlations as functions of lag time: the angular velocity and the local gliding orientation of 
MTs (Materials and Methods). While the angular velocity correlation collapses within our time 
resolution (5 sec), the orientation correlation lasts for considerable times (~50 – 100 sec), that 
increase with MC concentration, indicating that MC induces suppression of the orientation 
fluctuations of gliding MTs. 
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Throughout all multicellular species, cytoskeletal filaments, paired functionally with motor 
proteins, are categorized into only two kinds, MTs and actin-filaments. Given this universality, 
collective movement of these motility constituents may be the most fundamental aspect of the 
cell to transfer inherited cellular-level ‘behavioral’ information, that drives the robust growth of 
living organisms. Cytoskeletal proteins may have built their own structural signaling mechanism 
governed by intrinsic geometrical codes of these proteins2-4 or by the fundamental concept of 
percolation .28 In light of this, it is enticing that the morphological progression of our in-vitro MT 
network is reminiscent of that of cortical MTs during the early development of the fertilized 
Xenopus egg, including aligned wavy bundles.29, 30 A relation of the cortical rotation process to 
the emergence of the orderly cortical MT arrangement, known to be critical for body axis 
formation, has been suggested:31-33 Aligned MT layers are associated with molecular motors, 
such as kinesin and dynein, either anchored on the cortex wall or coupled to MTs within the MT 
layer. These motor proteins interact with MTs, producing a force to move the MT layer, which in 
turn generates a global rotation of the cortex of the egg relative to its core. Interestingly, this yet 
speculative scenario resembles our in-vitro protein configuration in quite some detail. A similar 
MT arrangement, accompanied by a cortical rotation-like process, was recently identified in 
Zebrafish eggs as well,34 suggesting that it is a dynamic phase, common in early development. 
Moreover, cellular-level rotation of aligned membranous MTs seems to be prevalent across 
kingdoms of life.35-37 The clear identification of the intriguing MT dynamics, including the MTs’ 
wavy arrangement, provides promising insights into the yet unknown mechanisms of cellular 
chirality. 
CONCLUSIONS 
Various in-vitro cellular mimetic studies have been performed upon reconstitution of the 
cytoskeletal protein motility systems. The in-vitro approach has allowed the study of active 
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many-body systems, revealing the emergence of various dynamic patterns,38-41 directly relevant 
to cellular processes.42-46 Emphasizing potential connections to cellular systems, we have found 
new features emerging from collective protein dynamics in a system of MTs and kinesin motor 
proteins. Increasing system complexity gives rise to a unique dynamic structural phase, active 
MT bundles aligned in a wavy pattern, reminiscent of the morphology of what has transiently 
been observed in Xenopus eggs. This directional order is extremely long range, covering our 
entire experimental system size (millimeters), and is thus comparable to the egg size. 
Surprisingly, this emerging macroscopic order unveils a hidden broken symmetry, a 
‘counterclockwise’ unitary rotation of the large scale active nematic layer. Analysis of the 
gliding dynamics of isolated MTs reveals an intrinsically biased counterclockwise angular 
velocity. Our theoretical model suggests that bending rigidity, spontaneous curvature and 
interactions between filaments control the global collective behavior. In-vivo, these parameters 
are controlled by MC but also by other tubulin-related proteins and drug treatments, leading to 
different local molecular structures. Therefore our novel finding provides a generic recipe for 
controlling large-scale chirality in cells and explains the hierarchical emergence of the global 
order of a scaled up MT system from the molecular-level dynamics, including the robust 
handedness, protected by the collective behavior. In addition, local alignment interactions result 
in global nematic rotation, which is not seen for steric interactions, raising questions about 
several inconsistent claims in the literature. 
MATERIALS AND METHODS 
Proteins 
Commercial tubulin proteins were polymerized into MTs in a standard polymerization buffer 
(PEM buffer (80 mM PIPES (P6757, Sigma-Aldrich), 1 mM EGTA (E0396, Sigma-Aldrich), 1 
mM MgCl2 (M8266, Sigma-Aldrich), pH 6.9 (NaOH controlled)) with 1 mM of GTP and 
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glycerol at 6 % (v/v))47 at 37 °C for 1 hr at a ratio of 7:3 of unlabeled tubulin (T240, 
Cytoskeleton) to rhodamine labeled tubulin (TL590M, Cytoskeleton).48 Kinesin motor proteins 
were expressed in Escherichia coli following a standard protocol.49 In this study, we used the 
expression plasmid of a Neurospora crassa truncated kinesin heavy chain (400 residues),50 
extended with the additional functional domain for biotin attachment, followed by the hexa-
histidin-tag. The overall procedure for the kinesin expression is described in depth elsewhere.48 
Glass-based flow cell chamber and fluorescence microscopy 
Each flow cell chamber was built using a glass slide (size: 76 × 26 mm2, thickness: 0.8 ~ 1.0 mm, 
S2111, Matsunami), a glass coverslip (size: 18 × 18 mm2, thickness No.1: 0.12 ~ 0.17 mm, Muto 
pure chemical), and two pieces of double-sided tape as spacers (thickness: 30 μm, TL410S-06, 
Lintec), in a typical flow channel geometry as shown in Fig. 1. Fluorescence microscopy used an 
inverted optical microscope (IX71, Olympus), equipped with a CCD camera (ImagEM, 
Hamamatsu) and a filter-set for rhodamine. Two different adaptors (microscope-to-camera: 1x 
and 4x magnification) and two different lenses (20x and 40x magnification) were used with three 
different combinations in order to vary the field of view (51.4 × 51.4 μm2, 204.8 × 204.8 μm2 
and 409.6 × 409.6 μm2). Movies were recorded at a rate of 2 frames/sec. 
Assay protocol for the active layered MT-kinesin network 
MTs obtained by the tubulin polymerization process were 40× diluted in PEM buffer including 
15 μM taxol (T7402, Sigma-Aldrich)), resulting in the final tubulin concentration of 1.13 μM. 
The quantum dot (QD)-assisted CLKMs were prepared by mixing QDs (we use either QD525 
(Q10141MP, Invitrogen) or QD655 (Q10123MP, Invitrogen), stock solution concentration: 1 
μM) with kinesin proteins (stock solution concentration: 50 μM) in PEM buffer at the volume 
ratio of 1:1:8 (kinesin : QD : PEM). The assay protocol is as follow: 1) a flow cell was filled 
 12
with casein solution (037-20815, Wako, 2 mg/ml in PEM, used after syringe filtering (0.2 μm, 
Puradisc, Whatman)) and incubated for 10 min at room temperature. 2) Three-fold further 
diluted CLKM solution was introduced into the flow cell by fluid exchange using a pipette for 
solution injection and a piece of filter paper for soaking, followed by 10 min incubation at room 
temperature. 3) The cell was flushed with PEM buffer. 4) MT solution including ~ 5 mM ATP 
(adenosine tri-phosphate, A9187, Sigma-Aldrich) was introduced into the cell, followed by 10 
min incubation at room temperature. 5) Finally, motility solution (20 mM glucose (076-05705, 
Wako), 10 mM ATP, 20 μg/mL glucose oxidase (G7141, Sigma-Aldrich), 8 μg/mL catalase 
(C40, Sigma-Aldrich), 0.01 %(v/v) 2-mercaptoethanol (190242, MP-Bio Japan), 10 μM taxol 
and CLKM (30x final dilution of the starting solution described above) in PEM buffer) was 
injected into the cell, followed by the fluorescence microscope observation after VALAP 
(Vaseline-Lanolin-Paraffin) sealing. In order to increase the MT and CLKM densities in the 
active layer, two additional steps, CLKM solution injection (20x final dilution of the starting 
solution in 15 μM taxol-included PEM buffer) and MT solution (with ATP) injection, were 
sequentially performed before the motility solution injection. Incubation time for these additional 
protein injections was 3 min and 5 min, respectively. For further enhancement of the protein 
densities, we repeated these two additional steps once more before the motility solution injection. 
Three different repetitions of MT solution injection, single, double and triple, were performed in 
this study (see Fig. 1b). 
MC-induced aligned active layer 
Assay protocol for the aligned active layer is essentially the same as described above for the 
active network formation, except for the MT density 2-fold increased (final tubulin concentration: 
2.26 μM) and the inclusion of MC in the motility solution. The two additional steps for protein 
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density enhancement described above were repeated twice (i.e. triple injection of MT solution). 
The final concentration of MC (M0512, viscosity: 4000cp, Sigma-Aldrich) in the motility 
solution to achieve the dynamic alignment of the MT-CLKM layer in Figure 2 (except panel c) 
was 0.34 % wt. In general, we monitored the bottom glass surface for 10 min, and then switched 
the focal plane to the top glass surface for another 10 min monitoring, and repeated this 
sequential (bottom surface-top surface) monitoring process for a total time of 40 ~ 60 min for 
each assay.    
Dilution of visible MTs 
To decrease ‘visible’ MTs, keeping the overall MT density at the similar level, we polymerized 
two tubulin stocks. One was the same labeled tubulin (stock concentration 5 mg/ml) as 
mentioned above (including 30% of rhodamine labeled tubulin) and the other one was fully 
unlabeled tubulin (stock concentration 5 mg/ml). These two different MT solutions (i.e. after 
polymerization) were then mixed at a ratio of 1:25 ~ 1:130, thus controlling the degree of 
separation between visible (labeled) MTs. 
Coherency measurement 
Four different MC concentrations including the case of no MC were analyzed. The final 
concentration of MC in the motility solutions were, 0, 0.11, 0.34 and 0.56 % wt, referred to as 
MC0, MC10, MC30 and MC50, respectively. The coherency of MT orientations was measured 
using OrientationJ. A region of interest (ROI) was defined by a square and the coherency was 
measured over the ROI, before the region was changed for the next measurement. In this 
coherency measurement mode (OrientationJ Measure option), OrientationJ Measure uses a 
weight factor uniform over the whole area of ROI. Thus it evaluates mean coherency across the 
ROI.20 This area scan was performed covering the entire image from the left-top corner to the 
 14
bottom-right corner without overlap. Six different areas of the ROI were selected: 16 × 16, 32 × 
32, 64 × 64, 128 × 128, 256 × 256 and 512 × 512 pixel. The length-pixel conversion factor was 
0.8 μm/pixel (E.g. 512 × 512 pixel corresponds to the area of 409.6 × 409.6 μm2). We calculated 
the mean coherency for each ROI by taking the average over the multiple data for each of the six 
different areas (except for the case of 512 × 512, which has only one data point), and plotted it as 
a function of the area. Seven different time frames were chosen for this analysis, covering the 
whole period of time from zero to 10 min with an interval of 100 sec. Supplementary Fig. 4(c, d) 
shows the measured coherency for the two different MC concentrations, which vary with the 
area of ROI and with time.   
Analysis of orientation evolution  
To estimate temporal mean orientations of the active layers, we first selected seven different time 
frames, as in the previous case (from zero to 10 min with an interval of 100 sec), and constructed 
histograms of local orientations for each MT fluorescence image. This was done by using 
OrientationJ (Parameters: Gaussian window: σ = 1 pixel, Cubic spline gradient, Minimum 
coherence: 70 %, Minimum energy: 0 %). Resulting histograms are shown respectively in 
Supplementary Fig. 4e and f for two different MC concentrations. Finally, we defined the mean 
orientation for each time frame as the center of the Gaussian distribution, fitting the normalized 
histogram (the histogram data divided by the maximum count). This mean-orientation analysis 
was done only for the three cases of finite MC concentrations. The variance of orientation 
distribution, 〈ሺδߠሻଶ〉, was calculated by the formula,  
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where θmean is the mean orientation obtained from the Guassian curve fitting to the orientation 
histogram and P(θi ) is the count corresponding to the angle θi . 
Analysis of MT dynamics at the individual-level 
To analyze the dynamic properties of individual MTs gliding on a CLKM-coated surface, MT 
gliding assays (the case of single introduction of MT solution: see the assay protocol described 
above) were performed with diluted MT concentration (tubulin concentration: 9 ~ 46 nM). 
Positions of MTs, evolving with time, were extracted by applying an automatized particle 
tracking program (TOAST, imageJ plug-in)51 to fluorescence microscope time-lapse movie data 
(converted to binary formats: see Supplementary Movies 7 for a typical MT gliding assay ). All 
the analyzed samples were observed at a 409.6 × 409.6 μm2 field of view. To reduce counting 
inter-filament collision events, we removed all the data points of inter-filament distances smaller 
than 20 μm. The frame size of each original movie (10 min, 1201 frames) were 10 fold reduced 
(121 frames) for the TOAST analysis. The time interval (δt) between the reduced frames was 
therefore 5 sec. A single set of TOAST parameters was applied to all the samples analyzed. First, 
the translational speed, |ܚሺ௧ାఋ௧ሻିܚሺ௧ሻ|ఋ௧ , and the angular velocity, 
ୱ୧୬షభሺܝ౟	ൈ	ܝ౜ሻ
ఋ௧ , were calculated for 
each traced MT. Here,	ܚሺݐሻ is the position (ݔሺݐሻ, ݕሺݐሻሻ of the traced MT at time t, ܝ୧ and ܝ୤ are 
initial and final moving directions at time t, denoted as ܚሺ௧ାఋ௧ሻିܚሺ௧ሻ|ܚሺ௧ାఋ௧ሻିܚሺ௧ሻ|  and  
ܚሺ௧ାଶఋ௧ሻିܚሺ௧ାఋ௧ሻ
|ܚሺ௧ାଶఋ௧ሻିܚሺ௧ାఋ௧ሻ| , 
respectively. The mean translational speed was then obtained for each observation by directly 
taking an average of the translational speeds collected from all the traced MTs. Meanwhile, the 
mean angular velocity was evaluated as the center of the Lorenztian curve fitting to the angular 
velocity histogram. Supplementary Fig. 5 shows an example of the histogram and the Lorenztian 
curve. In this analysis, a negative value of the angular velocity means counterclockwise rotation 
as the origin of the image frame was set at the top-left corner, and x and y increases rightward 
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and downward, respectively. In the first trial of this analysis, one assay was performed for each 
MC concentration, and three different regions for each surface (in the sequence of bottom-top-
bottom-top-bottom-top) were observed within each assay. In this trial, we found MT gliding 
speeds gradually decreasing with time (Supplementary Fig. 6a). This may indicate the interaction 
between MTs and CLKMs becomes more nonspecific losing their binding with time. In the 
second trial, we thus increased the numbers of assays to three while observing two different 
regions for each surface (in the sequence of bottom-top-bottom-top). We performed this second 
trial only for two cases, MC0 and MC30. Supplementary Fig. 6(b,c) show the results from the 
second trial.  
Orientation and angular velocity correlation  
Correlation functions were computed using the position data produced by TOAST. The 
orientation (moving direction) correlation function was defined as 	〈ܝሺ∆௧ሻ∙ܝሺ଴ሻ〉〈ܝሺ଴ሻ∙ܝሺ଴ሻ〉 	.	 The angular 
velocity correlation function was defined as 〈ఠሺ∆௧ሻఠሺ଴ሻ〉〈ఠሺ଴ሻఠሺ଴ሻ〉 . Here ∆ݐ is the lagging time and 〈ܣ〉 is 
∑ ܣ௜ேሺ∆௧ሻ௜ୀଵ . Note that i is the MT index and N, the total number of counted MTs, is a function of 
∆ݐ because each MT can have a different traced time. First, these correlation functions were 
computed for each observation (10 min). Then, the final correlation function for each specific 
experimental condition, such as a MC concentration, was obtained by taking the average of the 
correlation functions over all independent observations performed at the same specific condition. 
Supplementary Fig. 7(a,b) shows the correlation functions for four different MC concentrations, 
the first trial which was analyzed for Fig. 4 and Supplementary Fig. 6a. Supplementary Fig. 7(c,d) 
shows the correlation functions and exponentially decaying curves fitting the OCFs (orientation 
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correlation functions) with a correlation time,  , for the case of the second trial, which was 
analyzed for Supplementary Fig. 6(b,c).  
Dynamics of MTs polymerized under exotic conditions 
Collective dynamics: We performed assays following the above mentioned protocol to see the 
active layer formation and the collective dynamics, using MTs polymerized in various atypical 
buffer conditions. The primary sets of the performed polymerizaton buffer conditions (with 
parameter ranges) are categorized as follows: 1) Standard polymerization buffer adjusted with 
dimethyl sulfoxide (DMSO: 5% (0.6M) ~ 12.5%), incubation time: 1 ~ 3 hr, tubulin 
concentration: 2.5 mg/ml. MTs grew poorly as the DMSO concentration was increased and the 
sample condition was not clean for observation (dot-like aggregates dominant) with longer 
incubation times ( > 4 hr). 2) Phosphate buffer (10 mM) including taxol (2 ~ 10 μM), incubation 
time: 1 ~ 3 hr, tubulin concentration: 0.5 ~ 5 mg/ml. The sample condition was not clean for 
observation (low MT density and dot-like aggregates dominant) with phosphate butter. 3) PEM 
buffer including taxol (10 ~ 80 μM), incubation time 3 ~ 24 hr, tubulin concentration 0.5 ~ 5 
mg/ml. 4) Guanosine-5’-[(α,β)-methyleno] triphosphate (GMPCPP, 1 mM) added PEM buffer or 
PEM with 6% DMSO, incubation time: 3 hr, tubulin concentration: 0.5 mg/ml (PEM) and 1.0 
mg/ml (DMSO-PEM). Our typical polymerization buffer is known to produce predominantly 14-
protofilament MTs, which have a supertwist handedness opposite to that of MTs with 12- or 15-
protofilaments.8 Condition 1) was chosen with an expectation of switching the favored number 
of protofilaments to 15.11 2) and 3) were chosen with an expectation of switching the favored 
number of protofilaments to 12.8,10 4) was chosen with an expectation of structural modification 
of MT.52 Interestingly, in the case of GMPCPP induced MTs, trajectories of gliding MTs were 
very straight compare to those from other cases. The GMPCPP-MTs display very slow rotation 
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of the MT layer, yet the rotation direction is still counterclockwise. This slow rotation may 
reflect the enhanced MT rigidity with GMPCPP buffer.53 Alternatively, the GMPCPP buffer may 
decrease the intrinsic curvature of MTs, as pointed out in the modeling analysis (see 
Supplementary Fig. 3b). Individual MT dynamics: Gliding dynamics of isolated MTs was 
analyzed for several selected cases using TOAST following the same procedure described before. 
MT gliding assays were performed with highly diluted MT solution (see above Assay protocol 
and Analysis of MT dynamics at the individual-level). Resulting mean angular velocities are 
described in Supplementary Fig. 8 for each case with detailed information about the 
polymerization conditions. Three different cases were chosen for the relaxation time analysis. 
Like before, we first computed correlation functions (Supplementary Fig. 9(a,b)) and then 
obtained relaxation times by exponential curve fitting (Supplementary Fig. 9(c-e)). Mean MT 
gliding speeds are also plotted in Supplementary Fig. 9f indicating no noticeable dependence on 
the polymerization condition. 
Modeling 
We consider a simplified model of microtubule dynamics. The two-dimensional model consists 
of N filaments of identical length 2aM , where each filament consists of M  circular monomers 
with radius a . The density of the filaments,  , is defined by 2 2/Na M L  , where the box 
size of the system is denoted by L  under periodic boundary conditions. The filament has 
bending rigidity   and a spontaneous curvature  0 ,    , so that it forms a curved 
conformation. The signed spontaneous curvature arises from confinement of a polymer with 
spontaneous curvature and helical twist in three dimensions onto a two-dimensional surface54,55  
and sets the radius of curvature of the conformation and its sign determines the preferential 
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direction, left ( 0 0  ) or right ( 0 0  ).  Motility, driven by kinesin motors, is modelled by 
spontaneous velocity along the local orientation of a filament. Under fluctuations, an isolated 
filament changes its orientation and, as a result, changes its moving direction. When the bending 
rigidity is high, the filament prefers a straight shape, so that it moves almost along a straight path 
for a short time. Therefore, the orientational correlation time is affected by the bending rigidity. 
Each filament is modelled by M beads connected by a spring (the beads-spring model) and the 
position, ( )i tx , and orientation,  ( ) cos ( ),sin ( )i i it t t p , of the ith particle (i is a integer in 
 1,NM ) are updated by 
 i iddt 
x v   (1) 
  (0)i i r i ikdtd        (2) 
  0i i i ij i
j i
u
t
d
d


    v v p f ξ   (3) 
 r i ij
ij
g 

  .  (4) 
The velocity and angular velocity of a particle are denoted by iv  and i , respectively. The 
position and orientation are confined in two dimensions, as they are in the experiment. Here,   
and r  are the translational friction constant between the filament and the substrate and the 
rotational friction constant, respectively. Gaussian white noise iξ  with amplitude   is added in 
(3). The polarity of a monomer is aligned with the mean orientation of local segments  
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with a restoring spring constant rk . Here Arg denotes the argument of a vector inside the 
parentheses. The force acting on each monomer is expressed by the potential U as 
 .ij
ij
U 
f r   (6) 
In the beads-spring model, two monomers are connected by a spring with the potential 
  
ne
2
s
ig
prin
hbor
g
( , )
22 ,iji j r
kU a

    (7) 
where k is the spring constant. In this work, we set 100 Bk Tk , so that the relaxation time of the 
vibration is fast. It is known that a microtubule filament has bending rigidity. The persistence 
length p
B
l
Tk
 , which characterizes the rigidity, is about 5000 µm -.56 The bending rigidity is 
expressed by the following potential energy  
  2bend 0 ,2 iiU
      (8) 
where ߠ௜ is the angle between two neighboring segments , 1i ir  and 1,i ir . The filaments are also 
allowed to have spontaneous curvature, if they prefer a curved conformation. This is 
characterized by the angle 0 . The radius of the curvature is 02 /a  . When 0 0  , the filaments 
prefer to be straight. When the filament is straight and isolated, it moves at the constant speed 0u . 
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From the experimental results 0u   0.5 m/sec and it is not sensitive to the MC concentrations 
(Figure 4a) and the tubulin polymerization conditions (Supplementary Fig. 9f).  
The interactions between monomers are modelled by steric repulsion (Eq.(9)) and 
alignment (Eq.(10)). The translational force arises from the potential. The steric interaction is 
expressed by a soft potential within the radius of a monomer  
  2steric 22 iji j rU a


    (9) 
if the distance between the ith and jth particle, ijr , satisfies 2ijr a , and 0U  otherwise. We 
assume that all monomers have the same radius a . This steric interaction is soft and thus 
monomers may overlap. Nevertheless, when the strength of this interaction,  ,  is strong, 
overlap is prohibited. This choice of a soft repulsive interaction is justified from experimental 
observation, since a filament sometimes crosses another filament. The rotational interaction is 
given by 
  
, ) 2(
s 2 ,in
ij
j iij
i j r an
g   
 
    (10) 
where n is the number of particles within a distance 2a from the center of mass of the ith particle. 
This interaction ensures nematic alignment of the orientation of monomers. The strength of the 
alignment is characterized by  . Initial conditions of the simulations are fitted with experiments 
and are chosen, so that filaments are placed at random positions and are aligned along the x-axis 
with random orientation to the +x and –x directions. We have confirmed that the results are 
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unchanged when we use the initial conditions of random orientation in two dimensions. The 
correlation function of the angular velocity is given by 
 /2( ) (0) (0) ,rti i it e       (11) 
where r  is the relaxation time. Supplementary Fig. 7(a,c) (see also Supplementary Fig. 9a) 
shows that this time scale is fast (߬௥ ൏ 5 sec, the resolution limit of our analysis), and therefore, 
the inertia of the rotation is negligible. We also neglect the inertia term in translational motion in 
(3). In Fig. 3c, we normalized the length scale by the monomer size a  and, using the speed of 
motility u , we normalized the time scale by /a u . Using the experimental results of length of a 
single filament and translational speed, 0.16a   μm and ./ 0 32a u   sec. 
Without interactions between filaments, 0   and 0  , they move independently, and 
therefore the system is in a disordered state. For / 1Bk T   or / 1Bk T  , the system develops 
nematic order, where filaments are oriented in the same direction. This transition occurs at 
1c   or 2c  (Supplementary Fig. 10). This is quantified in the nematic order parameter 
 21 ji
j
S e
NM
   . (12) 
When 1/S N , the system is in the disordered state, whereas the system is in the nematic 
state when 1S  . The nematic order induced by the alignment interaction is the same as the 
transition in the Vicsek model and its variant using point particles.57-59 On the other hand, when 
0  , there is no explicit interaction of alignment, but the excluded volume interaction gives 
rise to alignment.60 This is demonstrated by a disorder-nematic phase transition of passive 
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nematic liquid crystals under repulsive interaction between rod-like liquid crystalline 
molecules.61 We may also define a mean angle of the system from the argument of a complex-
value representation of mean orientation as follows: 
 21Arg .ji
j
e
NM
        (13) 
We measured the mean angular velocity by linear fitting of   as a function of time. 
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Figure 1. In-vitro active layer of MT-CLKMs: (a) A schematic diagram of the glass flow cell 
(top left). The flow cell is mounted upside down in the microscope, as shown in the cartoon right 
below the flow cell schematic. Two directions, surface normal and clockwise, are defined in the 
top right diagrams. Note that CCD camera pictures and movies show objects as they are seen 
from the top, though the lens is located below the objects. Thus the actual ‘clockwise’ direction 
with respect to the surface normal defined on the top surface appears ‘counterclockwise’ in the 
CCD image. On the contrary, the CCD image for the bottom surface indicates the actual 
‘clockwise’ direction with respect to its surface normal as ‘clockwise’, without such an inversion. 
The bottom diagrams depict how the two directions are defined in the images captured by the 
CCD camera. (b) Fluorescence images (after auto bright & contrast adjustment in ImageJ) of 
MTs evolving with time (time interval: 10 sec, the bottom right time stamp is in min:sec). The 
scale bar measures 10 µm. Each row represents MT network morphology achieved with different 
protein density, which was controlled by increasing the number of repetitions of protein injection, 
from single to triple, respectively (see Materials and Methods). All the images were captured at 
the bottom glass surfaces. 
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Figure 2. Methyl cellulose (MC)-induced long-range directional order of the active layer: (a) 
Fluorescence images of MT networks evolving with time (time interval ~ 5 min, the bottom-right 
time stamp is in min:sec). The scale bars all measure 10 μm. Top row: MT network formed in 
the absence of MC. Middle and bottom rows: MT network formed on the top (middle row) and 
bottom (bottom row) glass surfaces in the presence of MC, displaying MT bundles aligned along 
a specific orientation that evolves with time. (b) Fluorescence images of MT networks evolving 
with time (time interval ~ 5 min, the bottom-right time stamp is numbers in min:sec): wavy 
patterns of the aligned active bundles of MTs observed at larger fields of view. The scale bars 
measure 50 μm (top row) and 100 μm (bottom row), respectively. Each set of the images is from 
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an independent assay. (c) Fluorescence images of diluted visible MTs in an aligned active layer 
evolving with time (scale bar: 100 μm). The bottom graph shows system size-dependent 
coherency measured after 10 min passed from the beginning of observations for four different 
MC concentrations. The fluorescence images are for the case of the highest MC concentration 
(see Materials and Methods). (d) A composite image made of several fluorescence sub-images, 
captured on different areas of an active layer formed on a top glass surface. Circular objects are 
air bubble defects and line boundaries at the top and bottom are the two sides of the flow cell 
chamber defined by spacers (see Fig. 1a and Materials and Methods). The scale bar measures 
200 μm. Colors were arbitrarily chosen. 
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Figure 3. Counterclockwise global tilting of the mean orientation: (a) Time evolution of 
normalized orientation histograms (histogram data divided by the maximum count for each plot) 
measured on MTs distributed in active layers formed on bottom glass surfaces. These are for four 
different cases of MC concentrations (time interval: 100 sec, total observation time 10 min). (b)  
Mean orientation, obtained from Gaussian curves fitting to each histogram in (a) (excluding the 
case of no MC), plotted as a function of time. (c) Mean orientation, obtained from simulations 
using three different alignment interaction strengths,  , for 256N  , 32M  , 0.44  , 
spontaneous curvature 30 10  , and bending rigidity 5  . Angle and time are translated from 
simulation values (see Materials and Methods). (d) Variance of the orientation distribution 
plotted as a function of time. See Materials and Methods for the detailed procedure. 
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Figure 4. Speed and angular velocity of gliding MTs, modeling analysis and simulation: (a, b) 
Snapshots of the simulations for the steric interactions (a) and for the alignment interactions (b) 
256N  , 32M  , 0.44   for bending rigidity 5  . Inset in panel (b) indicates a 
fluorescence image of aligned MTs (the second panel of middle row in Fig. 2(a), rotated 
counterclockwise by 90°) for comparison. (c, d) Mean angular velocity for 256N  , 32M  , 
0.44   for bending rigidity 5  , and various spontaneous curvatures with steric interactions 
(c) and with alignment interactions (d). The dashed lines indicate the angular velocity for an 
isolated filament. (e) Mean gliding speed dependent on MC concentration. Red/Green bars are 
results from experimental observations of bottom/top surfaces, respectively. Three different areas 
were averaged for each surface. Vertical lines indicate standard deviations. (f) Experimentally 
observed mean angular velocity (߱) dependent on MC concentration. The resulting values were 
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multiplied by minus one for the case of the bottom surface, such that positive values in this plot 
indicate counterclockwise rotation. See Materials and Methods for detailed description. 
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Supplementary Figure 1 
 
Supplementary Fig. 1: Collisions of two filaments in our model. (a) Schematic images of 
filament conformation during the collision. (b,c) Reflection angles as a function of initial angles 
of the collision to characterise the degree of alignment ability. The steric interactions (b) and the 
alignment interactions (c) were used. The solid lines indicate that the reflection angles are 
unchanged from the initial angles during the collisions. Deviation from the solid line implies an 
inelastic collision with alignment if the reflection angles are below the line for initial angles less 
than / 2 , and if they are above the line for initial angles larger than / 2 . The opposite case 
indicates inhibition of alignment. Both interactions show alignment. Deviation for the steric 
interactions is larger, and this demonstrates the steric interactions have stronger alignment ability. 
 
 
 
Supplementary Figure 2 (caption next page) 
 
Supplementary Fig. 2: Analysis of MT crossing events. (a) Fluorescence images (binary format) 
of two gliding MTs crossing each other with time. The five panels are stacked up in the far right 
panel (right of the arrow) generating a trace of the gliding MTs. (b) Incident angle ((1), Anglein) 
and outgoing angle ((2), Angleout) denoted in the trace with yellow lines. Color-coded arrows 
follow each of the two MTs. (c) Scatter plot of Anglein versus Angleout for two different cases, 
with (MC30) and without (MC0) methyl cellulose. The reference line indicates Anglein /Angleout 
=1. (d) Incident angle histogram of MT crossing events. Total events: 124 for MC0 (three 
independent assays, four different areas for each assay) and 154 for MC30 (three independent 
assays, four different areas for each assay).  
 
 
 
 
 
 
Supplementary Figure 3 
 
Supplementary Fig. 3: The nematic order parameter (black circles) and the angular velocity 
(light blue circles) dependence on bending rigidity (a) and spontaneous curvature (b).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 4  
 
Supplementary Fig. 4: Coherency of MT orientation and local orientation histogram in the 
active layer formed in the presence of MC at two different concentrations, MC10 (a, c, e) and 
MC30 (b, d, f). (a, b): time-lapsed fluorescence images (two different time frames, 0 and 600 sec) 
showing diluted visible MTs in the active layers. Scale bars: 100 μm. (c, d): Coherency plotted as 
a function of ROI size on a log-scale. (e, f): histograms of the local orientations of MTs plotted 
with absolute count. The zero-degree angle means the orientation parallel to the horizontal axis 
on each image and the orientation rotates counterclockwise as the angle increases. Discussion: In 
general, the coherency increases with the MC concentration and decreases with time. At lower 
MC concentration, the coherency drops faster (compare the curves for MC10 with those of 
MC30). The two cases show the coherency generally that decreases rapidly with the ROI size at 
the small area regime and saturates as the area increases further. The saturation level is lower for 
the case of MC10.   
Supplementary Figure 5 
 
 
Supplementary Fig. 5: An example of the angular velocity (rotational speed) histogram and the 
Lorentzian curve fitting (red curve). The rotational speed is in degree/sec and this particular 
example shows the peak position (xc) of −0.225 degree/sec. 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 6 
 
Supplementary Fig. 6: (a) MT gliding speed for four different MC concentrations. Red/green 
bars indicate results from bottom/top surface observation, respectively. The numbers, 1~3, for 
each set of the plot indicate the time sequence. Vertical lines are standard deviations. (b-c) MT 
gliding speed ((b)) and angular velocity ω ((c)) for two different MC concentrations. Red/green 
bars indicate results from bottom/top surface observation, respectively. The numbers, 1~3, for 
each set of the plot indicate three independent assays. Vertical lines in (b) are standard deviations. 
Here red bars in (c) are after multiplication of minus one, such that positive ω in this plot 
indicates counterclockwise rotation irrespective of the surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 7 
 
Supplementary Fig. 7: (a) Angular velocity correlation function (AVCF) and (b) orientation 
correlation function (OCF) as a function of lag time (Δt), obtained from the TOAST data tracing 
isolated gliding MTs. These plots show the assays analyzed for Fig. 4 (e, f) and Supplementary 
Fig. 6(a) for four different MC concentrations. The inset in panel (b) shows the OCFs plotted on 
a log-scale. AVCF drops immediately with Δt while OCF shows gradual decays with Δt. Data 
fluctuate more at higher Δt because the number of MTs traced decreases with increasing Δt. (c) 
Angular velocity correlation function (AVCF) and (d) orientation correlation function (OCF) as 
a function of lag time (Δt), obtained from the TOAST data tracing isolated gliding MTs. These 
plots show the assays analyzed for Supplementary Fig. 6(b-c) for two different MC 
concentrations. The inset in panel (d) shows the OCFs plotted on a log-scale. (e, f) Exponentially 
decaying curves fitting (red lines) to the OCFs, using a single parameter exponential function, 
ݕ ൌ 	݁ି௧/ఛ. τ in each panel indicates the relaxation time in sec.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 8 (caption next page) 
 
Supplementary Fig. 8: (a) Bar graph indicating mean angular velocities of MTs polymerized in 
various different conditions. At least two independent assays were performed for each case. Each 
bar is a result from an independent observation. Bars on the left side of vertical dotted lines 
(purple colored) are results from the bottom surface of the flow cell chamber, while bars on the 
right side are results from the top surface. These data show the measured values as it is. 
Therefore a negative value in the case of the bottom surface means counterclockwise rotation, 
while it indicates clockwise rotation for the case of the top surface. Preference of the 
counterclockwise rotation is apparent on both surfaces. For the cases of DMSO, the legend 
indicates DMSO concentration in % (in PEM buffer) and incubation time. Tubulin concentration 
during polymerization was 2.5 mg/ml. For the cases of Phosphate, the legend indicates phosphate 
concentration and incubation time. Tubulin concentration during polymerization was 2.5 mg/ml. 
Note that 2 μM taxol was included in the phosphate buffer solutions. For the case of Taxol, PEM 
buffer including 15 μM taxol was used, the incubation time was 24 hr, and the tubulin 
concentration during polymerization was 0.5 mg/ml. All the buffer solutions included 1 mM 
GTP and 4 ~ 6 mM MgCl2. (b) Averages with standard deviations (vertical lines) of the data in 
(a) taken for each case (color coded). The left/right data point in each set means the average for 
the case of bottom/top surface. Data from the bottom surface was multiplied by -1. As a result, a 
positive value in this graph indicates counterclockwise rotation irrespective of the surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 9  
 
Supplementary Fig. 9: Three cases among all the conditions in Supplementary Fig. 8 were 
taken for the correlation analysis. These three conditions are (1) PEM buffer with 15 μM taxol 
(Taxol), (2) PEM with 5 % DMSO, 1hr polymerization (DMSO) and (3) 55 mM Phosphate 
buffer with 2 μM taxol, 1 hr polymerization (Phosphate). (a) Angular velocity correlation 
function (AVCF) as a function of lag time (Δt). (b) Orientation correlation function (OCF) as a 
function of Δt. (Inset: the same plot on a log-scale). (c-e) Exponentially decaying curves fitting 
(red lines) to the OCFs in (b), using a single parameter exponential function, ݕ ൌ 	݁ି௧/ఛ. τ in 
each panel indicates the relaxation time in sec. (f) Mean MT gliding speeds for the three selected 
tubulin polymerization conditions. Each bar is a result from an independent observation (see 
Supplementary Fig. 8a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Supplementary Figure 10 
 
Supplementary Fig. 10: The nematic order parameter for 256N   filaments of 32M   
monomers each, density 0.44  , bending rigidity 5   and various spontaneous curvatures θ0 
with steric interactions,    (a), and with alignment interactions,    (b), respectively. 
